The main chlorophyll alb protein complex o f the chloroplast thylakoid membrane is organized into two subpopulations; one inner which is tightly bound to the photosystem II core and one outer which is bound more loosely or peripherally. In this study, changes in the LHC II com position due to long-term light acclimation were analyzed and quantified in spinach thylakoids and isolated stroma lamellae vesicles. The results show that; photosystem II located in the appressed thylakoid regions (a-centres) which have a relatively large antenna size, contains both the inner and outer LHC II with a predominance of the latter (58-70% ). At low light the antenna size o f the «-center becom es larger due to a specific increase o f the outer pool o f LHC II. The antenna size of photosystem II in the stroma thylakoids (ß-centres) is smaller and contains mainly or only the inner LHC II pool. In contrast to the a-centres the ß-centres centres do not undergo adaptive changes in their size in response to long-term changes in the light intensities.
Introduction
A plant is faced with considerable variations in its light environment. These include sudden changes as well as daily and seasonal variations. The ability of a plant to optimize the photosynthetic process and p ro tect the photosynthetic machinery against photodam age is strongly dependent on acclimation m echa nisms at the molecular level. These include both short-and long-term acclimations. According to our current knowledge most of the molecular m echa nisms for optimizing light-harvesting are targeted to photosystem II and its chlorophyll-proteins [1, 2] ,
The light-harvesting apparatus of photosystem II in higher plants is extremely complex [3] . There are two chlorophyll a binding proteins of 47 and 43 kD a which are associated with the reaction centre D]/Di protein heterodim er, which in itself only contains a few, probably 4 chlorophyll a molecules [4] , Only some 15-25% of the chlorophyll is associated with these photosystem II core proteins while the rem ain ing chlorophyll molecules are bound to chlorophyll fl/6 -proteins. Among these the LHC II complex is by far the most abundant carrying up to 75% of the total chlorophyll of photosystem II. Only minor amounts (< 1 5 % ) are bound to the chlorophyll a/b-proteins designated CP29, CP27 and CP24 [3] .
Recently, it has become evident that the LHC II is heterogeneous in itself [5 -10] and organized into two main subpopulations [5, 6 , 8 ]. There is an inner LHC II pool which is tightly associated with photo system II. The outer pool is more peripherally bound and undergoes reversible detachment from photosys tem II upon protein phosphorylation or at elevated tem peratures. This pool of LHC II is therefore in volved in the modulation of the photosystem II an tenna size under conditions of short-term light stress [2] . In spinach it has been shown that the increase in the antenna size of photosystem II during long-term acclimation to low light conditions is mainly due to an increase in the outer pool of LHC II [11] . Thus, the outer pool of LHC II appears to play a key role for both the short-term and long-term light acclima tion of photosystem II [2] .
Recently the two pools of LHC II have been iso lated to purity by means of preparative isoelectric focusing [12] , The two pools have the same relative chlorophyll content and composition but differ in polypeptide composition. The inner LHC II contains only a 27 kDa polypeptide while the outer contains a 27 kD a polypeptide and a 25 kDa polypeptide in a ratio of 1.5:1. The determ ination of these ratios now allows a quantification of the relative amount of the two subpopulations in spinach leaves exposed to dif ferent light regimes.
In this study we have made a quantitative analyse of the long-term light acclimation of the light-harvesting apparatus in relation to both heterogeneity of the LHC II (outer and inner subpopulations) and photosystem II (a-and ß-centres).
Materials and Methods
Spinach was grown at 25-30 °C in a 10 h/14 h light/ dark cycle at three different light intensities. The photosynthetic photon flux density was 475 j.unol photons m -2 s-1 (high light), 300 ^imol photons m _: s_I (medium light) and 185 jimol photons m~2 s-1 (low light). Stacked chloroplast thylakoids were iso lated as previously described [13] . Stroma lamellae vesicles were isolated by differential centrifugation following Yeda press fragmentation according to [14] except that 10 m M MgCl2 was present during the press treatm ent. The Yeda press homogenate was centrifuged at 40,000 x g for 45 min. The super natant, containing the stroma thylakoid vesicles, was sedim ented at 100,000 x g for 45 min.
Chlorophyll-protein complexes were resolved by mild SD S-PAGE [15] . Slab gels containing an acrylamide gradient of 8-12% were used. The electro phoresis was run for 1 -1.5 h at 0 °C applying a con stant current of 15 mA/gel. The relative amount of the chlorophyll-protein complexes was determined by scanning the gels at 650 and 675 nm.
A po-polypeptides of LHC II were resolved by two-dimensional SDS-PAGE [5, 16] . In the first di mension the mild SDS-PAGE was applied to resolve the individual chlorophyll-proteins. Bands corre sponding to LHC II monomeric and oligomeric forms were excised from the gel and reelectrophoresed under denaturating conditions. The second dimension gels were stained with Coomassie brilliant blue, destained and scanned by a laser densitometer. The relative amount of the apo-polypeptides of LHC II (27 kDa and 25 kDa) w'as determ ined from their absorption peak areas.
Results and Discussion
By the mild SDS-PAGE the relative amount of chlorophyll associated with photosystem I (CPI), photosystem II (CPa) and the LHC II can be deter mined in thylakoid material isolated from leaves grown at different light intensities [1, 11] . In this study we have concentrated on analyses of the rel ative chlorophyll content of LHC II and CPa (Table  I ). In the unfractionated thylakoids isolated from the low-light spinach there is an increase in the LHC II/ CPa ratio of 5.5 from the value of 4.0 seen in the high-light spinach. This change is accompanied by a decrease in the chlorophyll alb ratio. Such an in crease in the relative am ount of LHC II at low-light intensities is well documented through several previ ous studies [1 ] . Table I also gives the 27/25 kDa polypeptide ratio for each thylakoid sample. The increased proportion of LHC II in the unfractionated thylakoids is accom panied by a decrease in the 27/25 kDa polypeptide ratio. A polypeptide ratio of 3.3 under high light is (Table I) can be calcu lated to have a 27/25 kD a polypeptide ratio of 1.52:1, if the total amount of CPa is considered to be fairly constant [11] . Since this value corresponds to the polypeptide ratio of isolated outer LHC II [12] these analyses show that it is only the outer pool that is responsible for the long-term acclimation of the LHC II antenna to low light.
The relative amounts of chlorophyll-proteins and LHC II apo-polypeptides were analyzed in stroma lamellae vesicles isolated from leaves grown at the three different light intensities. The results show that the photosystem II of the stroma lamellae (photosys tem Up [17] ) has a different composition and adap tive behaviour com pared to bulk photosystem II (predom inantly photosystem IIa) as measured in intact thylakoids (Table I) .
(i) The LHC II/CPa ratio is lower, 2 .5 -2.7 indica tive of a smaller chlorophyll alb-antenna.
(ii) The LHC II shows a higher 27/25 kDa poly peptide ratio of 4 .5-4.7, indicative of a high propor tion of inner LHC II.
(iii) The LHC II antenna of strom a lamellae does not undergo any adaptive changes in response to varying light intensities. Both the LH C II/CPa ratio and the 27/25 kDa polypeptide ratio remain con stant.
O ur observations on isolated strom a lamellae con firm the concept of a smaller antenna size for the photosystem IIp centres as compared to the photosys tem IIa centres [1, 17, 18] . In addition, we give direct experimental evidence that the antenna of photosys tem II in the stroma lamellae have a different com position regarding the LHC II subpopulations due to the high polypeptide ratio of 4.6 (Table I ). This ratio means that 56% of the LHC II belongs to the inner pool while 44% belongs to the outer pool. T here fore, despite the small overall LHC II antenna size of photosystem II in the stroma thylakoids (LHC II/ CPa 2.5-2.7, Table I ) the size of its inner LHC II pool is about the same as for bulk photosystem II. In other words, the high proportion of inner LHC II compensates for the lower amount of total LHC II. It can therefore be concluded that the small antenna size of photosystem II in the stroma lamellae is due to low amounts of the outer LHC II subpopulation.
At present we can only speculate on the organiza tion of the two subpopulations in the grana and stroma thylakoids (Fig. 1) . In the appressed thy lakoids the outer LHC II is thought to be physically associated to the photosystem II core and the inner LHC II and provide connectivity between photosys tem IIa centres [18] . In contrast, photosystem lip centres are not thought to be connected. It can there- fore be argued that the outer LHC II present in strom a thylakoids are not bound to photosystem II [18] . Previous comparisons of the relative antenna size of the a-and ß-forms of photosystem II would favour this notion [18] . Instead these outer LHC II units in the stroma exposed thylakoids may represent LHC II units that are in a phosphorylated state. It has previously been shown that protein phosphoryla tion leads to migration of outer LHC II units, from the grana thylakoids into the stroma thylakoids [5, 16] . However, these units do not contribute to the functional antenna size of photosystem IIß [19] and should not be physically associated with photosystem II. The inner LHC II however is likely to be tightly bound to the core of photosystem lip as in the case of photosystem IIa (Fig. 1) . The presence of LHC II in isolated strom a thylakoids do not support a recent freeze-fracture study on a maize mutant suggesting that the bound antenna of photosystem Up does only contain the chlorophyll a/£>-proteins CP29 and CP24 in addition to CP47 and CP43 [20, 21] , Very recent data suggest that photosystem IIa in itself is heterogeneous with respect to antenna size [22] , This would mean that the data in Table I repre sent the average properties of the LHC II antenna of the a-centres. In light of our present data it is likely that the postulated variation within a-centres are due to different am ounts of outer LHC II.
